Numb and its homologue, Numb-like (Numbl), play important roles in mammalian development, but their role in embryonic development of lower vertebrates remains unknown. We cloned a zebrafish numb homologue (znumb) by searching database. znumb shows approximately 60% identity with mammalian Numb orthologs. Interstingly, znumb lacks two specific sequence motifs unique to Numbl orthologs. However, chromosomal localization of znumb gene revealed colinearity with genes located around mouse and human Numbl genes. Furthermore, multispecies comparisons of conserved phosphotyrosine-binding (PTB) domain sequences in Numb and Numbl proteins suggest that znumb is more closely related to Numbl than Numb. znumb mRNA was expressed in a wide variety of zebrafish adult tissues. Overexpression of znumb in embryos resulted in an absence, or reversal, of the normal leftward shift of the developing heart tube. Furthermore, no or bi-lateral transcripts of lefty2 were observed in znumb-expressing embryos, suggesting that the Notch signaling was essential for left-right field formation and maintenance in zebrafish, and that znumb perturbed this process through down-regulation of endogenous Notch signaling. q
Introduction
Notch is a cell-surface receptor that has been evolutionally conserved from invertebrates (Drosophila) to higher vertebrates (e.g. mammals). The Notch family encodes large transmembrane receptors that interact with membrane-bound ligands encoded by the Delta/Serrate/Jagged family of genes (Mumm and Kopan, 2000) . Upon ligand binding, Notch receptors undergo proteolytic cleavage leading to release of the Notch intracellular domain (NICD). NICD is then translocated into the nucleus and forms a complex with a RBP-Jk protein, a sequence-specific DNA-binding protein.
The NICD/RBP-Jk complex then activates the transcription of various target genes (Mumm and Kopan, 2000) . Genetic studies on Drosophila have shown that the outcome of Notch signaling is sensitive to small changes in the amounts of Notch receptors and/or ligands. These findings support studies indicating that the Notch signaling pathway is tightly regulated various mechanisms in both invertebrates and vertebrates (Panin and Irvine, 1998; Schweisguth, 2004) .
One such regulator of Notch activity is the adaptor protein Numb, originally identified in Drosophila (Uemura et al., 1989) . Numb interacts with proteins involved in ubiquitination and endocytosis of Notch receptors (Berdnik et al., 2002; McGill and McGlade, 2003) . In addition to Numb, a Numbrelated protein (Numb-like, Numbl), was recently identified in mammals (Johnson, 2003) . Although, highly similar to Numb, Numbl differs in the possession of two unique sequence regions: N-terminal region consists of 41 amino acids, and the other one is a glutamines residue in the middle of the molecule. However, the biological functions of these motifs have not been elucidated.
As Numb does, Numbl also functions as a negative regulator of Notch, and thus play important roles in cellular differentiation pathways (Johnson, 2003) . For example during mitosis, Numb becomes localized in one-half of a parental cell and is thus segregated primarily to one of the two daughter cells influences cell-fate decisions during organogenesis, including hematopoiesis, neurogenesis, somitogenesis, and vasculogenesis (Roegiers and Jan, 2004) .
The zebrafish has become a widely studied model animal because of its rapid development and transparency during early embryonic stages (Westerfield, 1993) . In addition, this model is amenable to gene expression studies through whole mount in situ hybridization and injection of nucleic acids and analogs into fertilized eggs. In this present study, we cloned and functionally analyzed a zebrafish numb-related gene termed znumb. znumb did not possess the Numbl-specific structural features, although genomic analysis showed that znumb is syntenic with Numbl rather than Numb of other species. Overexpression of znumb in zebrafish embryos resulted in perturbation to the formation of left-side field as well as of midline structure, by down-regulating the Notch activity. These results are the first documentation of the involvement of the endogenous Notch signaling pathway in the determination and the maintenance of left-right fields in zebrafish development, and provide important information regarding evolutional aspects of Numb and Numb-related proteins.
Results and discussion

Cloning of zebrafish numb homologue
To clone the zebrafish orthologue of mammalian Numb, we used the BLAST program of the Sanger Institute to search the zebrafish genome database. We identified a genomic sequence predicted to encode a protein having high sequence similarity to mouse Numb protein. The full-length zebrafish numb sequence (znumb, AB187270) was obtained from zebrafish brain mRNA by RT-PCR. The predicted full-length protein (618 amino acids) showed approximately 60% similarity with Numb orthologues in human, and mouse, and chick Numb.
Numb gene was originally cloned from Drosophila (Uemura et al., 1989) ; and highly related gene, Numb-like (Numbl), was identified only in mammals (Zhong et al., 1997) . Numb and Numbl share high sequence similarities at both nucleotide and amino acid levels in their entire sequences. As noted earlier, however, Numbl possesses two specific motifs that were not found in Numb, in the N-terminal and middle regions of the gene. znumb gene contained neither of these two motifs, suggesting to be an orthologue of Numb rather than that of Numbl. Futhermore, the genomic sequence of vertebrate Numb orthologues consists of eight exons, whereas the Numbl genomic regions contains two additional exons at its 5 0 terminus; the znumb genomic sequence consists of eight exons with exon/intron boundaries identical to those of vertebrate Numb orthologues (data not shown).
One expression sequence tag (EST) putatively encoding znumb was identified in the zebrafish EST detabase (Sugano et al., AW422025) . This sequence included the 5 0 untranslated region (UTR), which existed within a different exon from that containing the initiation codon, ATG, for the znumb gene. Although the 5 0 UTR contained one ATG codon, this was followed by one in-frame stop codon (TAG). To check a possibility of insertions upstream of the initiation codon, as observed in mammalian Numbl mRNA, we performed RT-PCR using specific primer sets designed within the 5 0 UTR and downstream of the initiation codon ATG. We could not find any insert between the 5 0 UTR and the initiation codon (data not shown). Further efforts to identify other zebrafish genes with similarity to mammalian Numb and Numbl, by both database searching and degenerate PCR were unsuccessful.
Genomic organization of znumb is most similar to mammalian Numbl
Investigation of the chromosomal configuration of Numb and Numbl genes in various species has provided much information regarding the evolutional relationship between Numb and Numbl. znmub was assigned to linkage group (LG) 20, directly adjacent to the adck-4 gene (Fig. 1B) . Interestingly, both the mouse and human Numbl genes but not Numb are also located directly downstream of mouse and human Adck-4 genes ( Fig. 1B) , suggesting that znumb has a chromosome position comparable to that of human and mouse Numbl genes. We subsequently conducted a database search for the puffy fish (Tetraodon, tn) Numb homologue, and found 2 Numb homologues in the puffy fish genomic database of the Sanger Institute. Interestingly, neither possessed the Numbl-specific motifs; and the putative puffer fish homologues of Acdk-4 was found immediately upstream of one of them, which was tentatively designated as tnNumb-2, located on Chr. 16 (Fig. 1B) . The second pufferfish Numb homolog, tentatively designated as tnNumb-1, was localized to Chr. 10. It was upstream of genes putatively homologous to mammalian Papilin (Papln) and Presenilin (Psen) (Fig. 1C) , identical to the organization of both the human and mouse Numb genes, suggesting that tnNumb-1 is a puffer fish orthologue of mammalian Numb. Despite their positional similarities however, Papln and Psen in puffy fish were oriented in the opposite direction with respect to tnNumb-1 in compared with these genes in both human and mouse. In contrast, Psen1 and Papln orthologues of zebrafish were localized in LG 19 (Fig. 1C) , and no numb-like sequences were found by database searching in the proximity to these genes. One gene, termed zinc finger FYVE domain-containing protein 1 (zfyve-1) was localized down-stream of znumb in the opposite direction. Interestingly, zfyve-1 was also found down-stream of both mouse and human Numb genes, while in the same direction as these genes.
We then compared the phosphotyrosine-binding (PTB) domain of Numb and Numbl proteins among various species (Fig. 1D ). The PTB domain encompasses about 139 amino acids encoded by five exons, and contains aspartate-prolinephenylalanine (DPF) and asparagine-proline-phynelalanine (NPF) motifs. Both motifs are conserved in all vertebrate Numb isoforms and Numbl, suggesting the PTB domain to be suitable for analyzing evolutional changes by phylogenetic analysis. The phylogenetic tree for the PTB domain sequences clearly revealed that Drosophila Numb was distantly related to its vertebrate homologues, from which it diverged evolutionally in the remote past. In the tree, mammalian Numb and Numbl formed two distinct clusters, supported by 71 and 100% of bootstrap probability, respectively. Interestingly, tnNumb-2 and znumb were clustered with a high bootstrap probability (99%): and the cluster of tnNumb-2 and znumb joined the mammalian Numbl cluster although the bootstrap support was not so strong. These findings suggest that a gene duplication of ancestral Numb gene occurred prior to divergence of the major vertebrate clades, and that in the mammalian lineage, one of the two duplicated genes evolved into Numbl via the acquisition of two Numbl unique motifs after the divergence of mammals and fishes. Furthermore, znumb and tnNumb-2 may have evolved from Numbl-related lineage after the branching point of divergence of the two lineages that form the present Numb and Numbl families. Taken together, phylogenetic tree analysis of the highly conserved PTB domain of Numb and Numbl indicated that mammalian Numb homologues evolved from a common ancestral gene, possibly owing to gene duplication followed by the divergence of two gene families, Numb and Numbl. Furthermore, the cloned znumb and tnNumb-2 formed a single phylogenetic cluster, and they may have evolved from Numbl-related lineage after the two lineages leading to the present Numb and Numbl families had diverged.
Expression of znumb in adult tissues and developing embryos in zebrafish
To examine the expression pattern of znumb transcripts, we performed RT-PCR using total RNA isolated from various tissues of the adult zebrafish ( Fig. 2A) . znumb transcripts were strongly expressed in brain, eye, kidney, muscle, and spleen, and weakly in ovary and skin. However, no signal was detected in the adult heart and liver. We next examined the spatial distribution of znumb mRNA in developing embryos by wholemount in situ hybridization using DIG-labeled RNA as a probe (Fig. 2B) . znumb mRNA was initially maternally expressed, with transcripts detectable in all regions of the embryos from 3 h post-fertilization (hpf) through 30% epiboly (Fig. 2B, top  panel) . This ubiquitous pattern of expression continued through the mid-blastula transition (MBT), which corresponds to the onset of zygotic gene transcript in zebrafish embryos (Newport and Kirshner, 1982) . By 12 hpf, zygotic znumb expression was detected primarily in anterior and posterior regions of the central nervous system (CNS), but was observed to increase in relative intensity in anterior neural regions (brain and eye; Fig. 2B ) beyond 12 hpf. By 24 hpf, znumb expression was no longer detectable in the caudal half of embryos; weak expression was observed throughout the anterior half of embryos, but expression remained strongest in brain and eye (Fig. 2B) .
Since, Numb is known to be a negative regulator of Notch in various species (Panin and Irvine, 1998) , we next examined the expression of zebrafish notch1a and a Notch ligand deltaD. The expression of notch1a was initiated at the embryonic shield (data not shown), and spread along the notochord (Fig. 2C ), in accordance with previous findings (Bierkamp and Campos-Ortega, 1993) . The expression of notch1a and deltaD at the neurula stage was restricted to specific regions of the CNS, somites, and tail bud ( Fig. 2C and D) , in contrast to the znumb expression, which was relatively ubiquitous throughout embryogenesis. It is notable that notch1a was expressed around Kupffer's vesicle (Fig. 2C) , an organ that is essential for the induction of left-right asymmetry.
Ectopic expression of znumb resulted in ablation of left-right asymmetry
To investigate functions of znumb in embryonic development, we overexpressed znumb in zebrafish. Embryos injected with znumb mRNA developed with no remarkable abnormalities until 24 hpf at least (data not shown). However, detailed examination of their morphologies revealed that a significant percentage of embryos had an abnormally positioned heart (Table 1 ). In control embryos at around 31-34 hpf, heart tubes were seen on the left side in 90% of the embryos (nZ207), however, in znumb mRNA-injected embryos (nZ370), more than 30% of embryos showed the heart tube in either a centralized, or right shifted. Whole-mount in situ hybridization of bmp4 and nkx2.5, which were reported to be expressed in the heart tube (Chen et al., 1997) , confirmed centralization or rightshift of the heart tube in znumb-expressing embryos (Fig. 3C,  D) . Although incidence was low, we observed fused eye phenotype (Table 2) with znumb mRNA-injected embryos. Appearance of this phenotype was dose dependent of injected znumb mRNA. Since cyclops gene is known to be activated by notch signals (Raya et al., 2003) , we surmised this phenotype was caused by the inhibition of notch signaling by znumb over expression.
Perturbations in the direction of the heart tube looping were frequently observed in mouse mutants with defects in left-right (L-R) asymmetry (Hamada et al., 2002) . Notch signaling is one of the most important mechanisms involved in the determination of L-R field during vertebrate embryogenesis (Raya et al., 2003) . In the chick and mouse, for example, Notch activity around the node is necessary for establishment of L-R patterning (Krebs et al., 2003; Reya et al., 2003) . In support of the notion, we confirmed expression of endogenous notch1a and deltaD around Kupffer's vesicle in zebrafish (Fig. 2C, D) , which is the node-equivalent organ in the mouse and chick. When we injected deltaD mRNA, which was expected to Fig. 3 . Whole-mount in situ analysis of left-right asymmetry markers. Expression of bmp4 (A), nkx2.5 (B) lefty2 (C), no tail (D) and shh (E) in control (gal4) and znumb mRNA-injected embryos. In C, deltaD and NICD injected embryos were also examined. Zebrafish fertilized eggs were injected with the indicated mRNA, and embryos were hybridized with anti-sense probes for bmp4 (A), nkx2.5 (B) and lefty2 (C) at around 32 hpf and for no tail and shh at around 9-10 hpf. Injected mRNAs are indicated in each panel, and 2 representative samples of znumb-mRNA-injected embryos are shown in A, B and C. Panels of A, B and C are dorsal views of head portion, and arrowheads indicate signals. In D and E, dorsal views with animal pole to top are shown. Sense probe hybridization was done for all samples, and no significant signal was observed (data not shown). a RNAs (100 pg) were injected into fertilized eggs, and the heart position was judged by the microscopic examination of embryos at 31-34 hpf.
activate endogenous Notch receptors, into zebrafish fertilized eggs, nearly 40% of the embryos showed reversed or no heart looping at 31-34 hpf (Table 1) . Similarly, overexpression of NICD, a constitutively active form of Notch, resulted in about 30% of the embryos with abnormalities in heart looping (Table 1) , which is in accordance with a previous report (Raya et al., 2003) . In contrast, overexpression of notch1a alone had minimal effects on heart tube development (Table 1) , indicating the tight regulation of activation of Notch signaling by receptor-ligand interaction. Taken together, our data suggests that determination of L-R fields through the Notch pathway is conserved in zebrafish as well.
To address if znumb affects the heart positioning by disrupting L-R asymmetry, we next analyzed the expression of lefty2 in zebrafish embryos. In control embryos, lefty2 was strongly expressed in the left LPM (Fig. 3B) . Activation of Notch pathwasy by deltaD overexpression induced bilateral expression of lefty-2 in 18% of the embryos (nZ56, Fig. 3B ). In contrast, lefty2 expression was almost completely suppressed in 47% of the embryos overexpressing znumb (nZ83, Fig. 3B ), indicating that znumb overexpression perturbed establishment of the left-side field probably through suppression of the endogenous Notch activity. The zebrafish mindbomb mutant exhibits defects in neurogenesis , vasculogenesis (Lawson et al., 2001 ) and hematopoiesis (Burns et al., 2005) , although there are no descriptions of L-R asymmetry in this mutant. However, there are also Notch signaling mutants (e.g. deltaD, notch1) that exhibit only a subset of these phenotypic defects (Gray et al., 2001; Holley et al., 2000) ; this is likely due to redundancy, as there are multiple homologues of these genes in zebrafish, which could compensate for the mutated genes. The possibility thus exists that functional homologues of mindbomb may be attenuating the effects of the mindbomb mutation on L-R asymmetry. Importantly, Kawakami et al. (2005) demonstrated that DAPT treatment inhibits Notch processing and disrupts L-R asymmetry in zebrafish embryos. This work strongly supports our data that down-regulation of Notch activity by znumb expression disrupts the L-R asymmetry.
A previous report showed that overexpression of NICD induces the ectopic expression of lefty2 in both sides of the LPM in zebrafish (Reya et al., 2003) , through down-regulation of no tail, resulting in ectopic activation of nodal signaling (Amack and Yost, 2004; Hashimoto et al., 2004; Latimer et al., 2002) . To determine if znumb affects the formation of L-R asymmetry through the ectopic expression of no tail, we examined the expression of no tail in znumb-expressing embryos. The expression of no tail was detected in the germinal ring, Kupffer's vesicle as well as notochord in control embryos. In znumb-expressing embryos, however, we found enhanced expression of no tail around the Kupffer's vesicle, while the notochord formation was severely disrupted (Fig. 3D,E) . This data indicates that znumb induced ectopic expression of no tail through the down-regulation of Notch activity, and affected the establishment of L-R fields.
Notch signaling may be involved in the maintenance of the left-right asymmetry in zebrafish
Generation of L-R asymmetry in the vertebrate body plan cannot be achieved only by determination of left-right fields. The maintenance of the fields is crucial for the proper morphogenesis of internal organs (Hamada et al., 2002) ; and by acting like a kind of midline barrier, the notochord blocks molecules determining left-side to migrate across the central line to the right side. Zebrafish mutants having a defect in the formation of the midline often concomitantly showed bilateral expression of left sidespecific genes in the LPM (Bisgrove et al., 2003) . Loss-offunction of the delta-like ligand 1 gene (dll1) in the mouse resulted in the both-sided expression of lefty2 as well as lefty1. This phenotype was surmised to be caused by the lack of the development of proper midline structures (Przemeck et al., 2003) whereas this issue is still controversial (Krebs et al., 2003; Raya et al., 2003) . To examine the effects of znumb for midline formation, we examined expression of midline markers, no tail and sonic hedgehog (shh). The expression of no tail and shh was severely affected in znumb expressing embryos (Fig. 3C, D) . Especially, extention of no tail expression along the notochord was completely suppressed by znumb overexpression. Interestingly, although the number was small (2 out of 83 embryos), znumb-expressing embryos displayed the bilateral expression of lefty-2 in the LPM (Fig. 3B) , which was observed in dll1 knockout mice. We also found embryos exhibiting fused eye or cyclopia phenotype by injecting znumb mRNA, probably caused by the midline structure disruption (Table 2) . Our data suggest the a RNAs (100 pg) were injected into fertilized eggs, and the heart position was judged by the microscopic examination of embryos at 31-34 hpf. When we injected 150 pg of znumb mRNA, 32% (21/64) embryos showed abnormal eyes (cyclops, fused eye or one eye).
possibility that down-regulation of the Notch signaling by znumb expression affected not only the formation but also the maintenance of L-R asymmetry in zebrafish.
Methods
Animals
Zebrafish (Danio rerio) were purchased from a local pet shop and maintained under a 15-h day, 9-h night cycle at 28.5 8C. Embryos were staged according to hours post fertilization (hpf) and morphological criteria (Kimmel et al., 1995) .
Cloning, construction of DNA and reverse-transcription polymerase chain reaction (RT-PCR) assay
The zebrafish numb (AB187270) was cloned by RT-PCR from zebrafish cDNA prepared from adult brain. The primers were designed based on the sequences of zebrafish genomic contig (zC120C23, the Sanger Institute) that were homologous to the mouse Numb sequence. Sequence of primers are: sense, 5 0 -AGCGAATTCATGAATAAGCTG-3 0 , and antisense, 5 0 -TCCCTCGAGTTATAGTTCAATCTCAAA-3 0 . The underlines denote created restriction enzyme sites (EcoRI and XhoI). PCR products were subcloned into pCS2(C) vector and subjected to RNA synthesis. Zebrafish notch1a and deltaD genes were kindly provided by Dr Jose A Campos-Ortega. Semiquantitative RT-PCR of znumb and b-actin was done by using total RNA extracted from various zebrafish tissues (Satoh et al., 2004) . For amplification of transcripts, the primer sequences (upstream and downstream) were as follow: znumb, 5 0 -TTCCAGAGATGGATCTGACAGT-3 0 and 5 0 -TTA-TAGTTCAATCTCAAAAGTCTT-3 0 and zb-actin 5 0 -CATTGTTGGAC-GACCCAGACAT-3 0 and 5 0 -TCGTGGATACCGCAAGATTCCA-3 0 .
Molecular phylogenetic analyses
Multiple alignments of amino acid sequences for Numb and Numbl gene families were obtained by using the CLUSTAL X program 1.83 (ftp://ftpigbmc.u-strasbg.fr/pub/ClustalX). By use of the aligned sequences, evolutionary genetic distances between sequences were estimated by the Poisson model to construct a phylogenetic tree by the neighbor-joining method (Saitou and Nei, 1987) with MEGA version 2.1 (Kumar et al., 2001) . A bootstrap resampling technique with 500 replications was used to analyze the reliability of the tree.
3.4. Whole-mount in situ hybridization and microinjection of capped RNA into zebrafish embryos Probes for lefty2, bmp4, no tail and shh were cloned by PCR amplification using the primers designed according to their published sequences. Wholemount in situ hybridization using digoxigenin (DIG)-labeled RNA probes was performed as described previously (Kurita et al., 2003) .
For RNA injection, capped sense RNAs were synthesized by using a mMessage mMachinee in vitro transcription kit (Ambion, Austin, Texas) according to the manufacturer's instruction. As a control, mRNA of yeast gal4 was used. The synthesized RNAs were diluted to an appropriate concentration with RNase-free water and injected into 1 -or 2-cell stage embryos by using a microinjector (IM-300; Narishige, Tokyo, Japan). The microinjected embryos were examined under a Leica MZFL III microscope.
